Roxithromycin (RXM), active against prokaryotes, has beneficial side effects such as anti-cancer activities on mammalian cells, but the mechanisms underlying these effects remain unclear. We found that RXM inhibited the cellular differentiation of the rice blast fungus Magnaporthe oryzae. Hence, we screened the targets of RXM by the T7 phage display method with fungal genomic DNA, and identified MoCDC27 (M. oryzae Cell Division Cycle 27) as a candidate. We generated mocdc27 knockdown mutants that the appressoria formation was less affected by RXM. A complemented mutant restored sensitivity against RXM to the level of the wild type. These results suggest that MoCDC27 was involved in the inhibition of appressorium formation by RXM, and that the complex of RXM-MoCDC27 affected another molecule involved in appressorium formation. The T7 phage display method with fungal genomic DNA can be a useful tool in the quest for drug target.
Roxithromycin (RXM), a semi-synthetic 14-member ring macrolide antibiotic (modified from a ketone group of erythronolide A), binds to the 50S ribosomal subunit of prokaryotes and inhibits the protein synthesis of prokaryotes.
1,2) The 14-member macrolides, including RXM, have been reported to show beneficial activities against eukaryotes, including antitumor and anti-inflammatory ones. 3, 4) For example, RXM has been reported to inhibit tumor cell growth and tumorinduced angiogenesis in a mouse model and, in human hepatoma cells. 5, 6) Other reports have indicated that RXM might act as an anti-inflammatory agent by regulating the production of the cytokines involved in the inflammatory process, such as interleukin (IL)-8, IL-1, and tumor necrosis factor (TNF)-, from primary cells and cell lines in culture. 7, 8) These results suggest that there are alternative targets of RXM in eukaryotic organisms, but the precise mechanisms of these effects remain uncertain. In this study, to find the eukaryotic targets of RXM, we utilized cellular differentiation of rice blast fungus Magnaporthe oryzae as a sensitive indicator of various inhibitory effects caused by chemicals.
The ascomycete fungus M. oryzae is the causal agent of devastating rice blast disease. It is an important model organism in the study of fungal phytopathogenicity and host-parasite interactions. Since economic loss due to M. oryzae is so important, genomic sequencing of it was carried out by genome sequencing project. 9) In addition, techniques for molecular genetic manipulation are established, and genetic modifications are easier than for most mammalian cells. Infection by M. oryzae occurs when fungal conidia attach to leaf surface. A single round of nuclear division occurs shortly after spore germination on the surface of the rice plant, and then a unicellular specialized infection structure known as an appressorium differentiates at the tip of germ tube. [10] [11] [12] The developmental stage of the appressorium is sensitive to various chemicals, because a large number of genes are involved in cellular differentiation. [13] [14] [15] [16] This fact might provide a sensitive assay system to determine the biological effects of various chemicals on eukaryotic cellular differentiation. Since appressorium formation in M. oryzae can be observed on the surfaces of artificial hydrophobic solid substances, 17) experimental convenience might be another benefit of this system.
In this study, we found that RXM inhibited appressorium formation in the rice blast fungus M. oryzae. This strongly suggests that M. oryzae has unknown eukaryotic targets of RXM. Hence, we screened molecules that might interact with RXM by the T7 phage display method using the genomic DNA library of M. oryzae, because the genomic DNA library composes whole genes equally. Phage display is a library-based method to study protein-protein and protein-chemical interactions. It uses the T7 capsid protein to display polypeptides on the surfaces of phage particles by packaging the DNA liberally into phages. Selection of appropriate phages is achieved by interaction between the displayed peptides and an immobilized bait ligand. 18, 19) In this study, we identified the M. oryzae cell division cycle 27 homolog (MoCDC27) as a candidate target of RXM by the T7 phage display method.
Materials and Methods
Fungal strains and growth conditions. M. oryzae strains P2, a Japanese rice-blast pathogenic isolate, and Guy11, a field isolate from infected rice 20) were used as wild-type strains in this study. Both the wild-type strains and the derivative mutants were cultured on YG agar medium (0.5% yeast extract, 2% glucose, and 1.5% agarose) or oatmeal agar medium (OMA; 5% oatmeal, 0.5% sucrose, and 1.6% agarose) at 28 C. For conidiation, fungi were incubated on OMA plates at 28 C for 2 weeks and placed under BLB lamps (FL20S, 20W; Toshiba, Tokyo) for 3 d after removal of aerial hyphae. The conidia were brushed off into sterile water.
Assay of appressorium formation. Conidial germination and the development of appressoria were analyzed by a method described previously. 21) RXM was purchased from Sigma-Aldrich (St. Louis, MO) and dissolved in ethanol at a concentration of 50 mg/mL, and then diluted to appropriate concentrations with ethanol. Conidial suspensions at 3 Â 10 4 conidia/mL were placed on microscope cover slips (Fisher scientific, Waltham, MA) and mixed with RXM at various concentrations from 100X stocks in ethanol. A conidial suspension with 1% ethanol was prepared as a 0 mg/mL RXM control. The frequencies of conidial germination and appressorium development were evaluated after 6 h of incubation on the microscope cover slips, and germ-tube lengths were also measured.
Cloning and construction of plasmid vectors for fungal transformation. MoCDC27 replacement vector pDMoCDC27 was constructed from vector pCSN43 containing the hygromycin phosphotransferase gene (hph) expression cassette (2.1 kb).
22) The 5 0 and 3 0 flanking regions of MoCDC27 were amplified from P2 genomic DNA by polymerase chain reaction (PCR) with MoCDC27 FL-F and MoCDC27 FL-R, and MoCDC27 FR-F and MoCDC27 FR-R primers respectively (the primers are listed in Table 1 ). The 5 0 flanking fragment (2.2 kb) was cloned into pCSN43 at ApaI-XhoI site and the 3 0 flanking fragment (1.9 kb) was cloned into pCSN43 at the EcoRV-SpeI site.
To construct MoCDC27 complement vector pBFtefMoCDC27, first we constructed pCSNtefXX by cloning translation elongation factor gene promoter (Ptef) 23) into pCSN43. The Ptef was amplified from pMK412 24) with the Ptef-F and Ptef-R primers. Ptef fragment (0.8 kb) was digested by EcoRV and ligated with EcoRV and HindIII digested pCSN43 blunted by the Klenow fragment of Escherichia coli DNA polymeraseI. Then the MoCDC27 DNA fragment (2.5 kb), amplified from the cDNA of P2 with the MoCDC27 F and MoCDC27 R primers, was cloned into the SmaI site of pCSNtefXX to construct pCSNtefMoCDC27. The Ptef:MoCDC27 fragment (3.6 kb) was isolated from pCSNtefMoCDC27 digested with BamHI, and cloned into the blastcidin S deaminase gene (BSD) cassette (1.7 kb) containing vector pBF101. 25) Synthesis of biotinylated RXM. Biotinylated RXM was synthesized by the method Morimura et al., described previously 19) with some modifications. A positive ESI-MS fully supported the structure calcd. for C 63 H 113 N 6 O 22 S ðM þ HÞ þ 1337.7623, found 1337.7580.
Phage display method. The T7Select Phage Display System (Novagen, Madison, WI) was used for screening following the manufacturer's protocol. A T7 phage display library was constructed from the genomic DNA of M. oryzae, which was partially digested with Sau3AI and cloned into the BamHI site of vector T7Select 10-3b (Novagen). The digestion products were not size-fractionated in order to gain various ranges of insert. Eighty percent of the library contained DNA fragments of 100-1500 bp as detected by PCR with T7 UP and T7SelectDOWN primers.
As bait, biotinylated RXM was immobilized on React-Bind Streptavidin coated HBC plates (Pierce, Rockford, IL), and the plates were washed with TBS (10 mM Tris-HCl pH 8.0, 0.8% NaCl). A genomic DNA library was constructed to display the gene products fused to the T7 capsid protein, making them available for interaction with an immobilized bait ligand. The titer of library used in this study was 1:0 Â 10 10 pfu/mL. After 4 rounds of biopanning by washing bound phage particles with TBST (10 mM Tris-HCl pH 8.0, 0.8% NaCl, and 0.1% Tween 20), isolated phage DNA was amplified by PCR using the T7 UP and T7SelectDOWN primer pair, and the products were analyzed by sequencing.
RNA isolation and reverse transcription-PCR (RT-PCR) analysis.
Total RNA was isolated from M. oryzae following the instructions of isogen (Nippon Gene, Toyama, Japan). Mycelia were harvested, and frozen in liquid nitrogen, and total RNA was extracted with isogen following manufacturer's instructions.
For RNA isolation from the appressorium-forming germ tubes, conidial suspensions at 1 Â 10 5 conidia/mL in distilled water were placed on hydrophilic polycarbonate plates and incubated at room temperature under humid conditions for 3-4 h until appressoria formed. Following incubation, the plates were frozen in liquid nitrogen and lyophilized overnight. The freeze-dried germ tubes were scraped from the plate with the edge of a razor and total RNA was extracted with isogen.
For RNA isolation from non-appressorium forming germ tubes, conidial suspensions at 1 Â 10 5 conidia/mL in distilled water with 2% yeast extract, a repressor of appressorium development, were placed on a hydrophilic polycarbonate plate and incubated at room temperature under humid conditions for 4 h. Following incubation, the plates were frozen in liquid nitrogen and lyophilized overnight. The freeze-dried germ tubes were scraped from the plate with the edge of a razor and total RNA was extracted with isogen.
Total RNA was treated by DNase I (Promega, Madison WI) and first-strand cDNA was synthesized with Ready-To-Go You Prime First-Strand Beads (GE Healthcare, Little Chalfont, UK) with Oligo (dT) 12{18 primer (Invitrogen, Carlsbad, CA), following the manufacturer's instructions (GE Healthcare).
Real-time RT-PCR was performed on a 7300 Real-Time PCR System (Applied Biosystems, Carlsbad, CA) following the manufacturer's instructions. Real-time RT-PCR was performed by SYBR Green I dye using MoCDC27 RT-F and MoCDC27 RT-R primers. The thermal cycling conditions were 2 min at 50 C, followed by 40 cycles of 15 s at 95 C, 30 s at 60 C, and 30 s at 72 C. A final dissociation cycle was incorporated to ensure the specificity of the primer pairs. Data were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as internal control. The average cycle threshold (Ct) values for MoCDC27 were normalized to the average Ct value for GAPDH amplified from the same cDNA preparations using GAPDH-F and GAPDH-R primers.
Semi-quantitative RT-PCR was performed with MoCDC27-F and MoCDC27-R primers for the detection of MoCDC27, and GAPDH-F and GAPDH-R primers for the detection of GAPDH as internal control.
Table 1. Primers Used in This Study
Name Sequence
Fungal transformation. Transformation of M. oryzae was performed as described previously. 26, 27) To prepare protoplasts, mycelia were harvested and treated with 30 mg/mL of Lysing enzymes from Trichoderma harzianum (Sigma-Aldrich) and 10 mg/mL of Yatalase (Takara Bio, Kusatsu, Japan) solution in osmotic medium (1.2 M MgSO 4 , 10mM sodium phosphate, pH 7.0) at 28 C overnight. Protoplasts were collected by centrifugation followed by overlaying of ST buffer (0.6 M sorbitol, and 100 mM Tris-HCl pH 7.5). The protoplasts were washed with STC buffer (1.2 M sorbitol, 10 mM TrisHCl pH 7.5, and 10 mM CaCl 2 ). DNA solution was added to the protoplast suspension and an equal volume of PEG solution (60% polyethylene glycol 4000, 10 mM Tris-HCl pH 7.5, and 10 mM CaCl 2 ) was applied. After incubation for 20 min at room temperature, the protoplasts were washed with STC-50 buffer (1.2 M sorbitol, 10 mM Tris-HCl pH 7.5, and 50 mM CaCl 2 ) and collected by centrifugation. They were suspended in YG1/2SC medium (0.5% yeast extract, 2% glucose, 0.6 M sorbitol, and 25 mM CaCl 2 ) and incubated at 28 C for 6 h. To select mocdc27 deletion mutants, the transformants were suspended in YG20S agar medium (0.5% yeast extract, 2% glucose, 20% sucrose, and 1.5% agarose) with 100 mg/mL of hygromycin B (Wako Pure Chemical Industries, Osaka, Japan). The plates were incubated at 28 C for 3-4 d and overlaid by YG agar medium containing 200 mg/mL of hygromycin B. After incubation at 28 C for 3 d, candidate transformants were transferred to a YG agar medium containing 100 mg/mL of hygromycin B. MoCDC27 complemented strains were selected with BN 20S agar medium (0.26% yeast nitrogen base without amino acid, 0.5% glucose, 20% sucrose, and 1.5% agarose) with 2 mg/mL of blastcidin S hydrochloride (Funakoshi, Tokyo). After incubation at 28 C for 3 d, candidate transformants were transferred to BN agar medium (0.26% yeast nitrogen base without amino acid, 0.5% glucose, and 1.5% agarose) containing 5 mg/mL of blastcidin S hydrochloride.
DNA isolation and Southern blot analysis. Genomic DNA of M. oryzae was extracted as described previously. 21) Southern blot analysis was done using digoxigenin (DIG)-labeled DNA as probe following DIG Application Manual for Filter Hybridization (Roche Applied Science, Indianapolis, IN). An FL probe, an FR probe, a MoCDC27-L probe, and a MoCDC27 probe were amplified from P2 genomic DNA by FL probe F and FL probe R, MoCDC27 FR-F and MoCDC27 FR-R, MoCDC27 F and MoCDC27 L, and MoCDC27 F and MoCDC27 R primer pairs respectively. The hph-R probe was amplified from pCSN43 vector with hphL-in and PR-1 primers. The tef probe was amplified from pCSNtefXX vector with Ptef-F and Ptef-R primers. Detection was done using CBP-star (GE Healthcare).
Results
RXM inhibited appressorium formation in M. oryzae The 14-member macrolide antibiotics including RXM are known to have effects including anti-inflammatory and anti-cancer on mammals. 3, 4) To test whether RXM affects M. oryzae, we performed appressorium formation assays on the P2 wild-type strain (Fig. 1) . To check the effects of treatment by RXM on cell growth, we also measured conidial germination in the ratio and the length of non appressorium-forming germ tubes. At a solution of 50 mg/mL of RXM, neither a significant decrease in germination, nor appressorium formation, nor a shortening of germ-tube length was observed. The relative index of appressorium formation of M. oryzae treated with 100-200 mg/mL of RXM decreased to about 70% as compared with control not treated with RXM, but germ-tube growth was slightly inhibited when conidia was treated with more than 150 mg/mL of RXM. Appressorium formation was strongly suppressed at 250 mg/mL of RXM. Germ-tube growth and conidial germination were also significantly reduced at concentrations of 250 mg/mL of RXM. Only appressorium formation was significantly suppressed at 100 mg/mL of RXM. To confirm that these effects of RXM on the P2 strain were not strain-dependent, we further performed the same assay using another widely used wild-type strain, Guy11. Inhibition of appressorium formation and of germination by treatment with RXM was also observed in Guy11, as in the P2 strain, but the required concentration of RXM to affect Guy11 was higher than for P2 (Supplemental Fig. S1 ; see Bioci. Biotechnol. Biochem. Web site). Specific inhibition of appressorium formation in Guy11 was observed at 200-250 mg/mL. RXM also suppressed host plant infection (data not shown). These results indicate that RXM treatment affected the cellular differentiation of M. oryzae.
MoCDC27, screened as an RXM binding candidate by T7 phage display, was highly expressed during appressorium formation
Using the M. oryzae genomic DNA library, we applied the T7 phage display method to search for binding proteins that interact with RXM. A genomic DNA library was constructed to display peptides and polypeptides fused to the T7 capsid protein, making them available for interaction with an immobilized bait ligand. We used biotinylated RXM as bait. Biotinylated RXM also inhibited appressorium formation in M. oryzae (data not shown). By the T7 phage display method, 38 clones were selected and sequenced (data not shown). One candidate peptide, 32-11, showed the highest identity of the screened sequences (Fig. 2) . The fragment 32-11 encoded 209 amino acids and was 98% identical to part of a hypothetical protein, MGG06292 (Broad Institute Magnaporthe grisea database; http://www.broadinstitute.org/). MGG06292 was recently re-annotated as MGG17195 (Broad Institute Magnaporthe comparative database; http://www. broadinstitute.org/). MGG17195 putatively has an intron and a longer sequence than MGG06292, but we could not amplify the expected full length MGG17195 from the cDNA of M. oryzae. Furthermore, the MGG06292 we amplified from the cDNA of M. oryzae had a region expected by the data base to be an intron in MGG17195 Conidia of P2 strain were suspended in distilled water containing various concentrations of RXM. The frequency of conidial germination and appressorium development and the length of nonappressorium forming germ tubes were assessed at 6 h after inoculation on microscope cover slips.
Ã p < 0:05, ÃÃ p < 0:01 as compared to 0 mg/mL of RXM.
(data not shown). Based on these experimental results, we suggest that MGG06292 is the correct annotation. MGG06292 putatively encodes an 829 amino acid protein that contains highly conserved tetratrico peptide repeat (TPR) domains. It exhibits homology to a 20S cyclosome subunit, CDC27/BimA/Nuc2, of other eukaryotes, especially similar to the human CDC27 protein (NP 001107563), at 30% identity (Fig. 2) . Hence, we inferred that MGG06292 encodes MoCDC27.
The specific inhibitory effect of RXM on appressorium formation suggested that the targets of RXM in M. oryzae might play an important role in appressorium formation. Hence, we estimated the expression of MoCDC27 at various developmental stages. The expression levels of the MoCDC27 gene in vegetatively growing mycelia, the germinated conidia, and the appressorium-forming germ tube were estimated by RT-PCR using MoCDC27-specific primers. MoCDC27 was upregulated during appressorium formation and conidial germination (Fig. 3 and Supplemental Fig. S2 ). The mRNA of MoCDC27 was most abundant at the appressorium development stage in both P2 and Guy11. These results possibly suggest that MoCDC27 was involved in appressorium formation in M. oryzae. Possible RXM target peptide 32-11 was aligned with part of MoCDC27. The homology between those amino acid sequences was 98%. The deduced amino acid sequence of MoCDC27 was compared with human CDC27. The MoCDC27 gene consists of 2,508 bp and encodes 835 amino acids. MoCDC27 displayed 30% identity to human CDC27. A similar region with 32-11 is illustrated by a gray bar, and tetratrico peptide repeat domain is underlined. mocdc27 mutants generated in targeted gene disruption experiments
To construct mocdc27 deletion mutants, a gene replacement vector, pDMoCDC27 (see ''Materials and Methods'' above), was linearized with SpeI and introduced into wild-type strains P2 and Guy11. Transformation by this construct was expected to allow homologous integration of the vector at the MoCDC27 locus, as illustrated in Fig. 4A , and to result in direct replacement of the MoCDC27 coding region with the hph gene. We generated more than 400 transformants, and only two mocdc27 mutant candidates were selected by PCR with the Upstream and hph mid L primer pair, which could detect the expected replacement. Although these mocdc27 mutant candidates have hph gene at expected region, they retained the MoCDC27 ORF, as verified by PCR using MoCDC27-specific primers (data not shown), and no null mutants were obtained.
To determine the genomic structure of the mocdc27 mutant DCP55 generated from the wild-type P2, Southern blot analyses were carried out using four probes, as illustrated in Fig. 4 . When we hybridized the genomic DNA of DCP55 with the FL probe (5 0 flanking region fragment), two signals appeared on Southern blot analysis (Fig. 4B) . Approximately a 4.8 kb fragment was expected in the mocdc27 gene replaced mutants, whereas the other band was shifted to about 7 kb, higher than the corresponding wild-type fragment (approximately 5.7 kb). An extra fragment of the same length (about 7 kb) was produced by hybridization of DCP55 genomic DNA with the FR probe (3 0 flanking region fragment), the MoCDC27-L probe (MoCDC27 ORF fragment) and the hph-R probe (hph fragment), as shown in Fig. 4C -E. Moreover, a band of approximately 5.4 kb was seen in the DCP55 genomic DNA, consistently with that in the wild-type when the FR probe was used (Fig. 4C) . These results suggest that the mocdc27 mutant's genomic structure was rearranged, as illustrated in Fig. 5A . In DCP55, after the FL region was exchanged with pDMoCDC27 by homologous recombination, unexpected connection probably occurred between the 3 0 end of pDMoCDC27 and the 5 0 end of the FL region of the genomic DNA. To confirm this structure, we performed PCR with an hph specific primer (hph mid R) and a MoCDC27 specific primer (MoCDC27R) to amplify the hph-MoCDC27 region, and the expected fragment, of about 7 kb, was observed in the DCP55 genomic DNA samples (Fig. 5B) . As well as DCP55, another mocdc27 mutant, DCG3, generated from the wild-type Guy11 strain, appeared to have a rearranged 5 0 flanking region and a non-arranged 3 0 flanking region of MoCDC27 (Supplemental Fig. S3 ). The details of the structure between the 5 0 region of hph and the 3 0 region of MoCDC27 were still unclear due to its complexity. These results suggest that the upstream region of MoCDC27 was replaced by replacement vector pDMoCDC27 in both of the mocdc27 mutants.
Reduced expression of MoCDC27 in the mocdc27 mutants during appressorium formation
To determine whether the regulation of MoCDC27 expression was affected in DCP55 and DCG3 by the rearranged upstream of MoCDC27, real-time RT-PCR analysis of MoCDC27 mRNA was performed ( Fig. 6 and Supplemental Fig. S4 ). In DCP55 and DCG3, the expression levels of MoCDC27 were slightly lower in the vegetatively growing mycelia, and significantly lower in appressorium-forming germ tubes as compared with wild-type strain P2 and Guy11 respectively. The defects in upregulation of MoCDC27 during appressorium formation in these mutants appeared to be caused by homologous recombination occurring in the 5 0 flanking region of MoCDC27.
The mocdc27 mutants were less affected by RXM We determined the frequency of appressorium formation and conidial germination in mocdc27 transformant DCP55, ectopic transformant ECP1 (harboring pDMoCDC27 at the ectopic site of the P2 genome), and parental wild-type strain P2. Both conidial germination and appressorium formation in DCP55 and the ectopic strain were identical to those of wild-type strain, as shown in Fig. 7 .
Then we estimated the effects of RXM in these mutants. First, when both the wild type and the ectopic strain were incubated with 100 mg/mL of RXM, the frequency of appressorium formation decreased to 66% and 49% respectively (85% and 74% without RXM respectively), but the mocdc27 mutant treated with 100 mg/mL of RXM formed appressoria as much as the control, not treated with RXM. The frequency of appressorium formation was 82% with 100 mg/mL of A B Fig. 6 . Expression Properties of the MoCDC27 Gene in mocdc27 Mutant DCP55. RNA was extracted from vegetatively growing mycelia (VG) (A) and appressorium forming germ tubes (AF) (B) of mocdc27 mutant DCP55 and the wild type respectively. Expression levels were quantified by real-time RT-PCR and were normalized to the M. oryzae GAPDH mRNA. The relative index compared with wild type under VG condition is displayed.
ÃÃ p < 0:01 compared to the wild-type. The frequency of germinating conidia (A) and appressorium formation (B), and the length of germ tubes (C) were quantified after 6 h of induction on microscope cover slips treated with various concentrations of RXM.
Ã p < 0:05 compared to the wild type.
RXM and 84% without RXM. DCG3, the mocdc27 transformant derived from Guy11, showed a phenotype similar to DCP55 (Supplemental Fig. S5 ). The lesser sensitivity of mocdc27 mutants to treatment by RXM strongly suggests that MoCDC27 played important roles in the inhibitory effect on the appressorium formation of M. oryzae by RXM.
The mocdc27 mutant complemented with MoCDC27 restored the wild-type phenotype To confirm the relationship between the reduced expression of mocdc27 and its lesser sensitivity to RXM, we constructed MoCDC27 complemented strain PCT1-1 by introducing the MoCDC27 gene under the control of Ptef into mocdc27 mutant DCP55. Insertion of the complement vector in PCT1-1 was confirmed by Southern blot hybridization with a tef probe amplified from the Ptef region (Supplemental Fig. S6A ), and the expression of MoCDC27 in PCT1-1 was determined by RT-PCR using MoCDC27-specific primers (Supplemental Fig. S6B ). We proceeded to quantify the ability of PCT1-1 for appressorium development (Fig. 8) . The appressorium formation ratio of PCT1-1 was 80% without RXM, but on the other hand it fell to 51% treated with 100 mg/mL of RXM. The appressorium formation ratio of wild type P2 was 78% and reduced to 44% at 100 mg/mL of RXM. These results suggest that PCT1-1 restored the sensitivity against RXM to a level comparable to the wild-type P2, and the presence of MoCDC27 protein is essential for inhibition of appressorium formation by RXM.
Discussion
In recent years many non-antibacterial benefits of macrolides have been identified. Some of 14-membered macrolide antibiotics, including RXM, are known to have anti-cancer and anti-inflammatory activities. 3, 4, 28) Furthermore, RXM is used in clinical study and the treatment of chronic inflammatory diseases such as diffuse panbronchiolitis and dermatophagoides-sensitive asthma. 29, 30) Although these reports suggest that macrolides have molecular targets in eukaryotes, the molecular mechanisms by which macrolides affect eukaryotes remain poorly understood. In this study, we aimed to determine the alternative targets of RXM in eukaryotes and to establish a novel approach to identify new targets for drugs using fungi.
Since various genes are involved in cellular differentiation, a wide variety of small molecules might affect appressorium formation in the rice blast fungus M. oryzae. 16, [31] [32] [33] Hence, we tried to employ appressorium differentiation in M. oryzae as an indicator of RXM activity. Low doses of RXM (100-200 mg/mL for P2 and 250-300 mg/mL for Guy11) inhibited appressorium formation in M. oryzae and no other growth impairments were detected ( Fig. 1 and Supplemental Fig. S1 ). These results strongly suggest that RXM has unknown eukaryotic targets at the appressorium forming stage of M. oryzae. We identified MoCDC27 as a candidate molecular target for RXM by the T7 phage display method using a genomic DNA library of M. oryzae (Fig. 2) . Phage display has been established as a useful method to detect relatively weak interactions between molecules such as drugs and peptides. 18, 19) MoCDC27 encodes a protein that is highly homologous to the anaphase promoting complex/cyclosome (APC/C) subunit (CDC27/APC3) of other eukaryotes (Fig. 2) . In general, CDC27 is considered to be a component of a large multi-subunit E3 ubiquitin ligase, APC/C, which acts on the specific cell-cycle regulatory complex for ubiquitin-dependent degradation, and thus CDC27 might take part in controlling cell-cycle events such as the metaphase to anaphase transition and the exit from mitosis. 34, 35) It has been reported that nuclear division is an important step in the formation of appressoria in M. oryzae. 11, 12) We found M. oryzae to be carrying a single copy of MoCDC27 by Southern blot analysis (Fig. 4 and Supplemental Fig. S3A-E) . We tried to produce mocdc27 null mutant, but failed to generate them, although we tested 400 transformants. In previous study, cdc27 deletion mutants showed cellcycle progression defect in Saccharomyces cerevisiae, because CDC27 is known to play essential roles in promoting the anaphase. [34] [35] [36] [37] In addition, the temperature-sensitive mutation in the blocked in mitosis1 (BIM1) gene, which encodes a component of APC/C in M. oryzae, caused a hyphal growth defect at a restrictive temperature. 33) We speculate that MoCDC27 is an essential gene for survival in M. oryzae. Bar charts illustrating the frequency of germinating conidia (A) and appressorium development (B) were quantified after 6 h of incubation on microscope cover slips. Conidia of each strain were treated with 0 mg/mL (1% ethanol) or 100 mg/mL RXM.
Ã p < 0:05, ÃÃ p < 0:01 compared to DCP55.
We succeeded in getting two mocdc27 knockdown mutants, DCP55 and DCG3, in which the expression of MoCDC27 was greatly reduced as compared with wild type during appressorium formation (Figs. 4-6 and Supplemental Figs. S3-S4 ). Since the expression levels of MoCDC27 in these mutants were similar to those in the wild-type during vegetative growth ( Fig. 6 and Supplemental Fig. S4 ), these knockdown mutants were able to survive. Moreover, we found that mocdc27 knockdown mutants DCP55 and DCG3 were altered in the 5 0 flanking region of MoCDC27 and that this alteration probably caused marked a decrease in MoCDC27 transcription during appressorium formation ( Fig. 5A and Supplemental Fig. S3A ). These data suggest that the 5 0 upstream rearranged region of the mocdc27 mutants contained transcriptional regulatory sequences for upregulation of gene expression during appressorium formation.
Our results indicate that appressorium formation in mocdc27 mutants DCP55 and DCG3 was not inhibited by 100 mg/mL and by 250 mg/mL of RXM respectively ( Fig. 7 and Supplemental Fig. S5 ). Moreover, Ptef:MoCDC27 complemented strain PCT1-1 restored the sensitivity to RXM to a level similar to that of the wild type (Fig. 8) . These data also strongly suggest that MoCDC27 is a novel eukaryotic target of RXM in M. oryzae. We considered two hypothesizes as to how RXM inhibits appressorium formation in M. oryzae. One is that MoCDC27 has an important role in appressorium formation and RXM suppresses the function of MoCDC27, but this is contradicted by the fact that the mocdc27 knockdown mutants, which expressed very low levels of MoCDC27, formed appressoria identical to those of the wild-type (Fig. 7 and Supplemental Fig. S5 ). Consistently with this, Saunders et al. reported that a mutation in BIM1, another APC/C subunit, had no effect on appressorium formation.
33) The other hypothesis is that RXM binds to MoCDC27 and the RXM-MoCDC27 complex acts as an inhibitor of other targets involved in appressorium formation in M. oryzae. This is consistent with the results that appressorium formation in M. oryzae treated with RXM was inhibited in the presence of MoCDC27 (the wild-type and complemented strain PCT1-1) and was not inhibited when less MoCDC27 was expressed (mocdc27 knockdown mutants DCP55 and DCG3). A similar phenomenon has been reported for cyclosporine A (CsA), an immunosuppressant. 38) CsA interacts with peptidyl prolyl cis/trans isomerase protein cyclophilin A and inhibits calmodulin-dependent phosphatase calcineurin only in the presence of cyclophilin A. To confirm that MoCDC27 forms molecular complex with RXM, we tried a pull-down assay, but only poor production of MoCDC27 has been obtained using the E. coli protein expression system to date. Thus, the pull-down assay was not performed in the present study.
In this study, we inferred that MoCDC27 is a possible target of RXM in M. oryzae. CDC27 homologs have been detected in yeasts, mammals, and plants, and perhaps conserve their functions among a broad range of eukaryotes. 34, 39, 40) In recent years, some reports have suggested that APC/C have an important role in cellular differentiation. [40] [41] [42] [43] [44] RXM was reported to inhibit proliferation in and to promote the apoptosis of human lymphocyte, and to have an anti-tumor effect. 5, 30, [45] [46] [47] This suggests that CDC27 is an important target of RXM in eukaryotes.
MoCDC27 was identified by the phage display method using the genomic DNA library of the rice blast fungus in this study. M. oryzae putatively has 11,074 genes, 9) in an approximately 41.7 Mb genome, and most of introns are less than 100 bp. Thus the ratio of the possession of CDS in M. oryzae can reach nearly 50%, and genomic DNA can be used in the construction of a T7 phage library instead of cDNA. The advantage of a genomic DNA library is that it can contain all the genes at almost same frequency, no matter how the expression of each gene is regulated. MoCDC27 might be missed if a T7 library is constructed using cDNA from the hyphae, because it showed life-stage-specific expression (Figs. 3, 6 and Supplemental Figs. S2 and S4) . Thus a genomic DNA library of fungi can be useful in identifying unknown eukaryotic targets by the T7 phage display method. This strategy can be a powerful tool for searching the unknown target proteins of many drugs.
